INTRODUCTION
The centromere is an important chromosomal region that nucleates the formation of the kinetochore, which mediates attachment of each chromosome to the mitotic spindle during mitosis. Recent work in Drosophila and human and mouse tissue culture cells has indicated that centromeric repeats are transcribed into long noncoding RNAs (lncRNAs) and that actively elongating RNA polymerase II is localized to the centromere/kinetochore (Chan et al., 2012; Ideue et al., 2014; Liu et al., 2015; Qué net and Dalal, 2014; Ro si c et al., 2014; Wong et al., 2007) . Centromeric lncRNAs (cen-RNAs) associate with Cenp-A, -C, HJURP, SgoI, and Aurora-B and are required for normal kinetochore assembly. However, it is not clear how cen-RNAs promote kinetochore assembly or whether these RNAs are directly associated with any components of the centromere and kinetochore.
During mitosis, the chromosomal passenger complex (CPC), composed of Aurora-B, Incenp, Dasra-a/Borealin, and Survivin, localizes to the chromosome arms, inner centromeres, and mitotic spindle, where it phosphorylates a variety of substrates to promote successful completion of mitosis (Carmena et al., 2012) . One of the most important functions of the CPC requires localization to the inner centromere region, where it serves as a sensor of normal bipolar attachment to the spindle (Lampson and Cheeseman, 2011) . Work in several organisms has demonstrated that the CPC associates with spindle-enriched RNAs and with cen-RNAs (Ferri et al., 2009; Ideue et al., 2014) . In addition, the CPC binds directly to RNA in vitro, and RNA binding is required for normal CPC localization to the inner centromere . However, it was not clear whether the association of the CPC with RNA required transcription or how centromeric transcription promotes accurate mitosis.
I have tested the hypothesis that centromeric transcription is required for the normal localization and function of the CPC during mitosis. I find that cen-RNAs are regulators of the localization and activation of the CPC during mitosis and that they are required for normal kinetochore:microtubule attachments.
RESULTS

Centromeric Repeats Are Transcribed in Xenopus Egg Extracts
To determine whether centromeres are transcribed in Xenopus egg extracts, I stained replicated sperm nuclei for RNA polymerase II (pol II) phosphorylated at Ser 2, which is indicative of elongating polymerase, and Bub1 to mark the kinetochores. Similar to results in Drosophila and humans (Chan et al., 2012; Ro si c et al., 2014) , I found that elongating RNA pol II was enriched at mitotic kinetochores and inner centromere regions ( Figure 1A ). Therefore, centromeres are a site of active transcription in mitotic Xenopus egg extracts.
X. laevis is a tetraploid organism with two sets of paralogous chromosomes. Previous work on Xenopus Cenp-A identified a repetitive DNA sequence, termed frog centromeric repeat 1 (fcr1), that associates with Cenp-A and maps to the centromeres of approximately half of the chromosomes (Edwards and Murray, 2005) . To determine whether centromeric transcription of fcr1 repeats produces a stable lncRNA associated with mitotic spindles and chromosomes, I tested for the presence fcr1-containing transcripts by RT-PCR. I found clear evidence for an fcr1-containing transcript of 170 nt that copurified with mitotic spindles and chromosomes ( Figure 1B) . In some extracts, the fcr1 transcript detected was greater that two repeats, but the predominant PCR product was of a single repeat. Importantly, the fcr1 (B) RT-PCR of cen-RNA in total extract and purified chromosome or spindle preparations. Mitotic chromosomes (left) or spindles (right) were purified from different Xenopus egg extracts containing replicated sperm nuclei by centrifugation through a glycerol cushion. Fcr1 RNA and a control mRNA (Xl19006) were detected by RT-PCR (C) Fcr1 RNA was detected using strand-specific FISH probes in chromosome spreads stained for Bub1 to mark the centromeres. Fcr1 antisense RNA was present at the kinetochore and inner centromere regions (inset) of approximately half the centromeres. A no-probe control exhibited little fluorescence on the chromosomes. Insets were magnified 33 in Photoshop. Scale bar, 5 mm. (D) Quantitation of the fraction of centromeres that contain a fcr1 FISH signal that is enriched 33 over the general chromatin signal. Error bars are the SD of three samples. (E) Fraction of nuclei that exhibit a bright, punctate fcr1 antisense FISH signal after triptolide treatment (normalized to DMSO-treated extracts; n = at least 100 nuclei from 3 different extracts). Error bars depict the SD. (F) Co-detection of fcr1 DNA, fcr1 RNA, and centromeres using dCas9 programmed with an sgRNA targeting the fcr1 repeat. Insets were magnified 33 in Photoshop. (G) Scatterplot showing the centromere intensities of dCas9 and fcr1 RNA FISH. Intensities are plotted from three sets of reactions. See also Figure S1 for additional analysis of fcr1 RNA FISH experiments. lncRNAs were only detected in samples that included reverse transcriptase, similar to a spindle-associated mRNA, Xl19006 ( Figure 1B) . Additionally, I found that the fcr1 RNA was enriched on mitotic chromosome preparations compared with total extract, suggesting that the fcr1 RNA is retained on chromosomes ( Figure 1B) . I conclude that centromeres in Xenopus produce an lncRNA that is associated with mitotic chromosomes and spindles.
The association of fcr1 RNA with mitotic spindles and chromosomes suggests that this cen-RNA could play an active role in mitosis. I considered two potential models for the action of cen-RNAs: first, the cen-RNA is transcribed at the centromere and remains associated with the centromeric DNA as a nascent transcript (cis-acting model); second, the cen-RNA is transcribed at the centromere but is processed and released from the centromere (trans-acting model). The cis model predicts that fcr1 RNA will only be found at centromeres that contain fcr1 DNA, whereas the trans model predicts that the fcr1 RNA will be found at all centromeres and perhaps other places throughout the mitotic spindle and chromosomes. To distinguish between these two models, I performed combined immunofluorescence for Bub1 and RNA fluorescence in situ hybridization (FISH) for fcr1 using strand-specific RNA FISH probes. I found that fcr1 RNA localized to the centromere regions of the chromosomes but was also distributed broadly throughout the mitotic chromosomes ( Figure 1C and insets). The fcr1 FISH signal for both sense and antisense transcripts was significantly higher than that observed in samples that did not contain a FISH probe ( Figure 1C ; Figure S1A ). Additionally, I found that the fcr1 antisense transcript localized in bright punctate foci to the kinetochores and inner centromeres of 40% of the centromeres, whereas the fcr1 sense transcript exhibited diffuse localization and was rarely enriched at centromeres (Figures 1C and 1D; Figure S1B) . Additionally, I found that the accumulation of fcr1 antisense RNA at the centromere was dependent on transcription because treatment of extracts with the transcription initiation inhibitor triptolide resulted in an 65% decrease in FISH signal ( Figure 1E ). These results demonstrate that fcr1 antisense RNA is actively transcribed in Xenopus egg extracts and that the transcript is concentrated in centromeric chromatin.
To determine whether fcr1 cen-RNA is localized to the site of transcription I labeled centromeric DNA using catalytically inactive Cas9 and a short-guide RNA (sgRNA) targeting the fcr1 repeat sequence, which has recently been shown to efficiently label specific DNA sequences in Xenopus egg extract (Lane et al., 2015) . I found that dCas9-FLAG localized to approximately half of the centromeres (Figures 1F and 1G ; Figure S1C ). I performed combined immunofluorescence for dCas9, Bub1, and FISH for fcr1 antisense (AS) RNA on chromosome spreads. I found that fcr1 AS RNA was present at many centromeres labeled by dCas9 but also present at unlabeled centromeres. Furthermore, many dCas9-labeled centromeres did not contain detectable fcr1 AS RNA (Figures 1F and 1G ; Figure S1C ). These results demonstrate that fcr1 antisense RNA is likely processed and released from the centromere and is free to diffuse between centromeres, similar to results observed in Drosophila where a centromeric RNA from the X chromosome is present at centromeres on chromosomes in addition to the X (Ro si c et al., 2014). The fact that fcr1 AS RNA is not detected at all centromeres suggests that other RNAs (such as those from the paralogous centromeres) could be present at centromeres lacking fcr1 AS RNA or that my RNA FISH detection method is less than 100% efficient. Importantly, work in Drosophila has shown that the SAT III RNA transcribed from the X chromosome is also not consistently detected at the centromeres of all chromosomes (Ro si c et al., 2014).
Aurora-B Interacts Directly with Chromatin-Localized RNAs
Our previous work demonstrated that the CPC could bind directly to RNA in vitro , but it has not been demonstrated that the CPC interacts directly with RNA in vivo or which subunits of the CPC interact with RNA in vivo. To determine whether the CPC interacts directly with RNA on microtubules, I used a recently developed approach based on UV crosslinking to identify proteins that interact directly with mRNA (Castello et al., 2012 (Castello et al., , 2013 . I stabilized microtubules with Taxol and purified microtubules and associated proteins by centrifugation through a glycerol cushion. I then released microtubuleassociated proteins using a mild salt elution and treated the associated proteins with UV light to induce protein:RNA crosslinks ( Figure 2A ). UV light is a zero-length crosslinker that creates covalent bonds between bases in nucleic acid and primarily aromatic amino acid residues in proteins (Darnell, 2010; Singh et al., 2014) . I purified poly-A-containing RNAs under denaturing conditions using a locked nucleic acid (LNA) oligo-dT and analyzed associated proteins by western blot. Consistent with my in vitro data, I found that Aurora-B and Dasra-A bound directly to RNA in Xenopus egg extracts and that Incenp, Survivin, and XMAP215 did not directly bind to RNA. Control purifications demonstrated the specificity of the interaction between Aurora-B and Dasra-A with RNA because none of the CPC proteins copurified with poly-A RNA in the absence of UV crosslinking (Figures 2A and 2B ; Figure S2 ). This result demonstrates that the CPC interacts directly with RNA bases in Xenopus egg extracts through Aurora-B and Dasra-A.
To determine where the CPC interacts with RNA in mitotic spindles and chromosomes, I used the proximity ligation assay (PLA) (Sö derberg et al., 2006) . The PLA can detect molecular interactions that occur within 50 nm in fixed cells. To detect the interaction of Aurora-B with RNA, I performed the PLA with Aurora-B antibodies and the BWR4 monoclonal antibody, which recognizes all RNA regardless of sequence and has no affinity for DNA (Eilat and Fischel, 1991) . I performed Aurora-B:RNA PLA reactions on intact metaphase spindles where I had marked Aurora-B localization using GFP-Aurora-B. In intact spindles GFP-Aurora-B localized to inner centromeres, throughout the chromatin, and along spindle microtubules . In contrast to the broad distribution of GFP-Aurora-B, I found that the majority of the Aurora-B:RNA PLA signal was detected on mitotic chromosomes ( Figure 2C ). A fraction of the Aurora-B:RNA PLA signal was found at inner centromere regions but was also distributed throughout the chromatin ( Figure 2C , insets). I conclude that Aurora-B primarily interacts with RNA on mitotic chromatin and inner centromere regions, consistent with the localization of fcr1 cen-RNA. To determine whether the CPC interacts with fcr1 RNA, I performed Aurora-B immunoprecipitations (IPs) from extracts containing replicated sperm nuclei. I found that Aurora-B IPs contained the fcr1 cen-RNA and that control IPs did not contain fcr1 cen-RNA, similar to an Aurora-B-associated mRNA, Xl19006. In addition, fcr1 cen-RNA was only detected in reactions that included reverse transcriptase, demonstrating that the PCR signal comes from the interaction of the CPC with fcr1 RNA and not genomic DNA ( Figure 2D ).
Our previous work demonstrated that the CPC could interact directly with several different mRNAs in vitro . To determine whether Aurora-B could directly interact with fcr1 cen-RNA in vitro and whether Aurora-B exhibited sequence-specific RNA binding properties, I used an electrophoretic mobility shift assay (EMSA) to examine the interaction of untagged Aurora-B with five length-matched transcripts: sense and antisense fcr1, sense and antisense a-satellite, and a sequence from the multiple cloning site (MCS) of pCR2.1. Similar to our previous results, I found that Aurora-B interacted directly with all five transcripts tested (Figures 2E and 2F; Figure S3) . However, I found that Aurora-B exhibited different affinities for each of the different RNAs. Aurora-B bound with the highest affinity to fcr1 sense, antisense, and a-satellite sense transcripts and with a lower affinity to a-satellite antisense and pCR2.1 MCS. At most, Aurora-B exhibited a 3.3-fold higher affinity for cen-RNA compared with a nonspecific transcript. These results demonstrate that Aurora-B has modest sequence-specific RNA-binding activity but that it is also a relatively promiscuous RNA-binding protein.
Transcription Is Required for Normal Aurora-B Localization and Activation
To determine whether transcription of cen-RNA is important for CPC localization, I inhibited transcription in Xenopus egg extracts using the initiation inhibitor triptolide (Bensaude, 2011) and monitored the localization of GFP-Aurora-B. Localization of GFP-Aurora-B to the inner centromere was reduced by 50% in transcription-inhibited extracts, whereas the localization of Bub1 to kinetochores was unaffected ( Figures 3A and  3D ). Transcriptional inhibition also resulted in a significant reduction (30%) of endogenous Aurora-B to the inner centromere ( Figures 3B and 3D ). To determine whether transcription regulates Aurora-B activation, I stained for Aurora-B phosphorylated on the T loop, which is indicative of basal-level Aurora-B activation (Sessa et al., 2005) . Surprisingly, I found that transcriptional inhibition resulted in an increase in the intensity of pAurora-B at the inner centromere region ( Figures 3C and 3D) . However, I found that the spatial pattern of enrichment of pAurora-B at (legend continued on next page) the inner centromere was disrupted in triptolide-treated extracts ( Figures 3C and 3E ). pAurora-B was significantly less enriched at the inner centromere region compared with bulk chromatin in triptolide-treated extracts, demonstrating that the spatial pattern of Aurora-B activation is also disrupted in the absence of transcription. I conclude that active transcription is required for normal localization of Aurora-B to the inner centromere and for the enrichment of Aurora-B activation at the inner centromere region relative to non-centromeric chromatin.
Concentration of the CPC at the inner centromere is driven by two different histone modifications. First, phosphorylation of H2A T120 by Bub1 serves as a binding site for Sgo1, which recruits Dasra-A. Second, phosphorylation of H3 T3 by Haspin creates a binding site for Survivin (Kawashima et al., 2007; Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010) . To determine whether transcription acts upstream of known localization pathways for the CPC, I stained mitotic chromosome spreads for GFP-Aurora-B, H2ApT120, H3pT3, and Bub1. I found that transcriptional inhibition did not affect the centromere intensity of H2ApT120 or the chromosomal levels of H3pT3 ( Figures 3D,  3F , and 3G). I conclude that transcription of centromeric RNAs is an additional pathway of Aurora-B recruitment and activation that acts in parallel to the known pathways of CPC recruitment to the inner centromere.
Fcr1 RNA Is Required for Normal Aurora-B Localization
To determine whether fcr1 RNA, or the act of transcription, is required for normal Aurora-B localization, I used antisense LNA-gapmers to inhibit fcr1 RNA. I found that gapmers targeting the fcr1 antisense transcript resulted in a reproducible reduction in the RNA FISH signal on chromosomes, whereas fcr1 sense or GAPDH gapmers had no effect ( Figure 4B ). I examined Aurora-B localization in extracts treated with two gapmers, each targeting fcr1 sense and antisense transcripts, and compared these with a nonspecific human GAPDH gapmer control. I found that both gapmers targeting the fcr1 antisense transcript resulted in a consistent, 25% reduction in the localization of Aurora-B to the inner centromere ( Figures 4A and 4C) , whereas gapmers targeting the sense transcript or GAPDH had little effect on Aurora-B localization. Additionally, none of the gapmers had a significant effect on the localization of Bub1 to the kinetochore ( Figure 4C ). I conclude that fcr1 cen-RNA is required for normal Aurora-B localization.
My previous results demonstrated that fcr1 antisense RNA diffuses between centromeres and could be acting in trans to promote Aurora-B localization. To determine whether fcr1 antisense RNA acts in cis or in trans, I examined the distribution of Aurora-B intensities at the centromere in antisense-treated extracts. The cis-acting model predicts that Aurora-B centromere intensity would exhibit a bimodal distribution with one population of affected centromeres and one unaffected population, whereas the trans-acting model predicts that all centromeres would be equally affected. Comparing the normalized centromere intensity of Aurora-B revealed that Aurora-B intensity exhibits a relatively normal distribution in all gapmer-treated extracts, with fcr1 antisense gapmer-treated extracts exhibiting a lower-intensity normal distribution ( Figures 4D and 4E) , consistent with the prediction of the trans-acting model and the localization of fcr1 antisense RNA. I conclude that fcr1 antisense RNA is free to diffuse between centromeres and promotes normal Aurora-B localization at all centromeres. The modest reduction in Aurora-B localization in gapmer-treated extracts and the presence of fcr1 antisense RNA at approximately half of the centromeres suggests that additional transcripts may also contribute to normal Aurora-B localization.
To determine whether fcr1 RNA is required for normal activation of Aurora-B at the centromere, I treated egg extracts with antisense gapmers or triptolide and examined the localization of Aurora-B phosphorylated in the activation loop. Consistent with my previous results, I found that triptolide treatment resulted in an increase in phosphorylated Aurora-B at the centromere region ( Figures 4F and 4G ) and a decreased enrichment of phosphorylated Aurora-B at the inner centromere region ( Figures  4G and 4H ). Gapmers targeting GAPDH or the fcr1 sense transcript did not result in a change in pAurora-B at the inner centromere or enrichment of pAurora-B at the inner centromere (Figures 4F-4H ). In contrast, treatment of extracts with gapmers targeting the fcr1 antisense transcript resulted in a reproducible increase in Aurora-B phosphorylation at centromeres but did not change the pattern of pAurora-B enrichment at the centromere. These results demonstrated that fcr1 RNA regulates some aspects of Aurora-B phosphorylation and activation at the centromere, but that other factors, such as additional cen-RNAs or the act of transcription, contribute to the change in Aurora-B activation observed in transcription-inhibited extracts.
Transcription Is Required for Normal Kinetochore:Microtubule Attachments and Kinetochore Alignment In Xenopus egg extracts, depletion of Aurora-B leads to a complete loss of spindle assembly Sampath et al., 2004) , whereas a reduction in the chromosomal and centromere levels of the CPC through Haspin depletion leads to a much more subtle spindle assembly defect (Kelly et al., 2010) . In most other systems, the primary function of Aurora-B is to recognize incorrect kinetochore:microtubule attachments that do not generate (C) Quantification of centromere intensity of Bub1 and Aurora-B (normalized to GAPDH-treated extracts) (n = 3 extracts). *p < 0.05 by single-sample t test. tension between sister kinetochores (Lampson and Cheeseman, 2011) , and inhibition of Aurora-B leads to many chromosomes with incorrect kinetochore:microtubule attachments (Hauf et al., 2003; Lampson et al., 2004) . To determine whether transcription inhibition resulted in defects in kinetochore:microtubule attachments, I monitored kinetochore biorientation in intact spindles by staining for Bub1 and GFP-Aurora-B. In DMSO-treated extracts, I found that 90% of kinetochores demonstrated a clear bipolar attachment to the spindle ( Figures 5A and 5B) . In contrast, in triptolide-treated extracts, I found that 50% of kinetochores did not exhibit bipolar attachment and appeared to show syntelic attachments to one spindle pole ( Figures 5A and 5B). To determine whether the incorrect kinetochore microtubule attachments observed in triptolide-treated extracts resulted in defects in kinetochore alignment, I measured the relative position of kinetochores in DMSO and triptolide-treated extracts. In DMSO-treated extracts, I found that the vast majority of kinetochores aligned at the spindle equator, whereas kinetochores in triptolide-treated extracts exhibited a much broader distribution throughout the spindle, consistent with defects achieving a bipolar spindle attachment. Taken together, these data demonstrate that inhibition of transcription results in defects in localization of Aurora-B to the inner centromere, leading to defects in correcting errors in kinetochore:microtubule attachment.
DISCUSSION
I found that transcription of repetitive centromeric DNA produces an lncRNA required for the normal localization and activation of the CPC at the inner centromere. My results suggest that a high local concentration of centromeric lncRNAs on mitotic centromeres and chromosomes is an additional pathway for CPC localization and activation that acts in parallel to known pathways of CPC recruitment. Additionally, my results suggest that the CPC is one of the major mitotic targets for regulation by cen-RNAs and confirm the observation that noncoding RNAs play an active role during mitosis (Blower et al., 2005; Du et al., 2010; Ferri et al., 2009; Ideue et al., 2014; Jambhekar et al., 2014; Qué net and Dalal, 2014; Ro si c et al., 2014) .
Work in a wide variety of systems has demonstrated active transcription of centromeric DNA. Chromatin marks normally associated with open euchromatic DNA are a conserved feature of centromeric chromatin (Sullivan and Karpen, 2004) . In addition, activation or repression of transcription from a human artificial chromosome (HAC) alters the stability of the HAC (Nakano et al., 2008) . Recent work in Drosophila demonstrated that the act of transcription, rather than the resulting RNA, is required for normal Cenp-A deposition (Chen et al., 2015) . Several other studies have depleted centromeric RNAs and concluded that cen-RNA is required for various mitotic processes (Ideue et al., 2014; Liu et al., 2015; Qué net and Dalal, 2014; Ro si c et al., 2014) . Taken together, these studies support the hypothesis that transcription of centromeric DNA plays a role in centromere/kinetochore function through both the process of transcription and through the production of a functional cen-RNA.
My observation that fcr1 RNAs localized to half of the centromeres affect the localization of Aurora-B to all centromeres suggests that cen-RNAs may serve to activate or modify Aurora-B at the centromere, which then diffuses away to act at other sites, similar to a model proposed for Aurora-B activation by binding to chromatin . Recent work has demonstrated that many nascent transcripts are present on mitotic chromatin but are cleared by transcriptional elongation (Liang et al., 2015) in prophase/prometaphase, whereas several studies have demonstrated that elongating pol II is present at metaphase centromeres (Chan et al., 2012; Liu et al., 2015; Ro si c et al., 2014) . These data suggest that persistent transcription during mitosis may be an additional signal that differentiates the centromere from the remainder of the chromosome.
My observation that kinetochores do not make normal bipolar attachment to the spindle in the absence of transcription is consistent with a role for transcription in the regulation of CPC localization and Aurora-B activation. A decrease in CPC localization to the inner centromere could result in decreased phosphorylation of components of the KMN (Knl1, Mis12-complex, Ndc80 complex) network and stabilization of incorrect kinetochore:microtubule attachments (Lampson and Cheeseman, 2011 ). An alternative possibility is that the increased level of active, autophosphorylated Aurora-B at the inner centromere and chromatin could result in increased phosphorylation of MCAK and a failure to destabilize incorrect kinetochore:microtubule attachments (Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004) . Both scenarios would lead to stabilization of incorrect attachments to the spindle and lead to errors in chromosome segregation observed after loss of centromeric RNAs (Chan et al., 2012; Ro si c et al., 2014) .
Our previous work and the work of other groups have demonstrated that Aurora-B can bind to a wide variety of RNAs and that RNA binding by the CPC activates Aurora-B kinase in vitro. Promiscuous RNA binding could facilitate the recognition of many different types of chromatin-bound RNAs in early mitosis, whereas the persistence of transcription at the centromere could be an important signal for the localization of the CPC to the inner centromere during prometaphase. Understanding the spatial and temporal interactions of Aurora-B with different types of RNAs will be an important area of future research.
EXPERIMENTAL PROCEDURES
Xenopus Egg Extract Methods
Xenopus egg extracts were prepared and utilized for immunofluorescence as described previously (Hannak and Heald, 2006) . Triptolide was added to extracts at a concentration of 10 mM from a 10-mM stock in DMSO.
RNA EMSA Untagged Aurora-B:In-box (pMB940) was expressed and purified from E. coli and used for EMSA as described previously , except that radioactive RNAs were used in place of fluorescently labeled RNAs.
UV Crosslinking
Taxol-stabilized microtubules were purified from 1.2 ml cytostatic factor (CSF)-arrested egg extracts by centrifugation through a glycerol cushion. Microtubule-associated proteins were eluted with extract buffer with a final concentration of 200 mM KCl and recentrifuged for 10 min at 22,000 3 g. The supernatant was irradiated with UV light using a Stratalinker for 10 min on ice while unirradiated samples were kept on ice. Samples were extracted from both irradiated and control extracts for western blots of the input fraction. Extracts were then adjusted to 0.1% Sarkosyl and 4 mM EDTA, heated at 65 C for 10 min, and then placed on ice for 5 min. Poly-A RNAs were captured using 300 pmol of LNA dT (Exiquon) conjugated to 150 ml of MyOne Streptavidin Dynabeads (Life Technologies). Bound proteins and RNAs were eluted by the addition of 50 ml of double-distilled (dd) water and incubation at 65 C for 10 min. Samples from the supernatants were analyzed by western blot.
RNA FISH
Fcr1 RNAs were detected on mitotic chromosome spreads using strand-specific oligonucleotide probes from Stellaris.
LNA Antisense Inhibition
Fcr1 RNAs were targeted for destruction using antisene-LNA gapmers from Exiqon. Gapmers were added to extracts at a final concentration of 100 nM. See the Supplemental Experimental Procedures for detailed descriptions of all methods. 
SUPPLEMENTAL INFORMATION
EMSA
EMSA reactions were performed as described with the following modificaitons. Fcr1, α-satellite, and TOPO MCS transcripts were body labeled by in vitro transcription using α-32 P UTP, purified by LiCl2 precipitation and further gel purified from denaturing Urea PAGE gels prior to use in EMSA and were quantified using a UV spec. EMSA reactions consisted of 200 pM radiolabeled RNA and concentrations of recombinant Aurora-B indicated in the figures. EMSA reactions were separated on 4% native PAGE gels run in 1X TBE, dried, and exposed to a phosphor screen. EMSA experiments were performed three independent times on different days for each RNA. The percentage or RNA in unbound and bound gel regions was quantified using ImageJ. Binding data were fit to the Hill equation using R allowing the Kd and Hill coefficient to float.
PLA
Proximity Ligation Assay for Aurora-B and RNA was performed using rabbit α-Aurora-B, mouse α-RNA (BWR4), and the PLA kit from oLink Bioscience exactly as described in the kit protocol. For every PLA reaction I performed controls leaving out each antibody individually and for ribosomal proteins and RNA. In all cases with antibodies left out of the reaction I observed no PLA signal, while ribosomal controls gave extremely abundant PLA signal.
Antisense inhibition
Antisense LNA-Gapmers were obtained from Exiquon. LNA gapmers were added to extract at a concentration of 100 nM at the beginning of interphase and again upon cycling into mitosis (to maintain the concentration at 100 nM). Antisense inhibition was performed in three independent extracts and the centromere intensity of Aurora-B and Bub1 were quantified from ~100 centromeres per extract as described below. 
Image acquisition and analysis
All images were acquired using the microscopy setup as described . For quantitative measurements all images compared were acquired using identical acquisition settings and are displayed using identical display settings. All image analysis was performed using Metamorph using background-subtracted images. For the measurement of inner centromere intensity of antigens I used Bub1 to identify kinetochores, then drew a 2.5µm diameter circle that encompassed both sister kinetochores and the inner centromere region. I then measured the intensity of all test antigens in 100-200 kinetochores in each extract from 2-3 extracts. Statistical significance of the difference in normalized intensity at the centromere region was assessed using a single-sample t-test in R. This methodology was used to calculate statistical significance for Figures 3D, 4A , 4C, 4G. To examine the kinetochore enrichment of pAurora-B I measured the average intensity of pAurora-B at the inner centromere and compared that to the average intensity of pAurora-B on the mitotic chromatin. This measurement was performed for 100-200 kinetochores from two to three different extracts. For each experiment the mean intensity for the DMSO-treated sample was set to one and all other values were normalized to this value for each experiment. Then all values from two to three extracts were pooled and statistical significance of the difference in kinetochore enrichment was compared using a Wilcox signed rank test in R. To examine the distribution of kinetochore intensity of Aurora-B in antisense-treated extracts I quantified the intensity of Aurora-B at the centromere as described above. I then normalized these intensity measurements to the average Aurora-B intensity from the GAPDH-treated extract for each extract. I then combined normalized centromere intensity measurements from three extracts and plotted them as either density distributions or boxplots with all points included using R.
RT-PCR
To detect fcr1 transcripts I used the following primers (F tggcagagtgcttttgcaag, R aaatgcattataagtctatg). Spindles were isolated as described above for cytology and RNA was purified using Trizol. DNA was digested using dsDNase (Illumina) for 15' at 37°C. Digested samples were used as input for RT reactions using random hexamers as primers. No RT reactions were treated identically but omitted RT enzyme. RT reactions were digested again using dsDNase for 15' at 30°C. Digested RT reactions were used as input for PCR reactions.
PCR reactions were 30 cycles for both fcr1 and Xl19006. Xl19006 primers were described previously .
Aurora-B IPs were performed using 10 µg anti-Aurora-B or nonspecific rabbit IgG from 50 µL reactions containing cycled sperm nuclear DNA. IPs were conducted on ice. IPs were washed 5X 1ml PBS + 1% Triton X-100. Low retention tubes were switched 3X during the IP washes. Nucleic acid was purified using Trizol and prepared for RT-PCR as described above for spindle-associated RNA.
Supplemental Figure 1. RNA FISH analysis of Xenopus centromeres (Supporting Figure1).
A. Box plots of the centromere intensity of the indicated FISH probes from three independent extracts. Plot includes each individual centromere as an overlay. B. Enrichment of the indicated FISH probes at the centromere region compared to bulk chromatin from three independent extracts. C. Scatterplot of the centromere intensities of dCas9 (sgFcr1) and fcr1 antisense FISH in a replicate experiment to that presented in Figure 1F . 
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